A three-dimensional model of the dopamine D2 receptor, assumed to be a target of antipsychotic drug action, was constructed from its amino acid sequence. The model was based on structural similarities within the superfamily of guanine nucleotide-binding regulatory (G) proteincoupled neuroreceptors and has seven a-helical transmembrane segments that form a central core with a putative ligand-binding site. The space between two residues postulated to be involved in agonist binding, Asp-80 and Asn-390, perfectly accommodated an anti-dopamine molecule. Molecular electrostatic potentials were mainly negative on the synaptic side of the receptor model and around aspartate residues lining the central core and positive in the cytoplasmic domains. The docking of dopamine into a postulated binding site was examined by molecular dynamics simulation. The protonated amino group became oriented toward negatively charged aspartate residues in helix 2 and helix 3, whereas the dopamine molecule fluctuated rapidly between different anti and gauche conformations during the simulation. The receptor model suggests that protonated ligands are attracted to the binding site by electrostatic forces and that protonated agonists may induce conformational changes in the receptor, leading to G-protein activation, by increasing the electrostatic potentials near Asp-80.
Cloning and sequencing of neurotransmitter receptors has demonstrated that they may be divided into various "superfamilies." The dopamine D2 receptor belongs to the superfamily of receptors transferring signals into cells through guanine nucleotide-binding regulatory (G) proteins. Antagonism of postsynaptic D2 receptors has long been regarded as the primary mechanism of action of antipsychotic drugs, and it has recently been proposed that also dopamine D1 (1), D3 (2) , and D4 (3) receptors and serotonin 5-HT2 receptors (4) may be involved in antipsychotic drug action. Knowledge of the three-dimensional structure of such receptors would significantly add to our understanding of their molecular mechanisms and be useful in the search for drugs that affect these receptors.
Amino acid sequences of more than 10,000 proteins are known, but only some 450 three-dimensional protein structures have been reported. No detailed three-dimensional crystal structure of a neurotransmitter receptor molecule is yet available, to our knowledge. In the absence of such data, we have constructed a model of the D2 receptor and used it to simulate the molecular dynamics of dopamine-receptor interactions. Based on structural similarities within the superfamily of G-protein-coupled neuroreceptors, the model was constructed from the rat D2 receptor sequence (5) and refined by molecular dynamics simulations and molecular mechanics energy minimization. The modeling was based on the following five hypotheses:
(i) Membrane-spanning domains of G-protein-coupled neurotransmitter receptors are a-helices. Hydropathy indices along the peptide chains show that G-protein-coupled receptors contain seven hydrophobic domains, usually assumed to correspond to seven transmembrane stretches of residues (6) . Electron diffraction (7) and electron microscopy (8) experiments have demonstrated that bacteriorhodopsin has seven a-helical segments spanning the cell membrane. All available biological and chemical data indicate also that the membrane-spanning domains of visual rhodopsin form a-helices (9, 10) . G-protein-coupled neurotransmitter receptors share some amino acid homology with visual rhodopsin, particularly in the seven hydrophobic domains (11) that most likely are a-helices.
(ii) Each transmembrane helix contains 27 amino acids. An a-helix with 27 amino acids has a total length of =40 A and may traverse the cell membrane in an approximately perpendicular orientation. The 11 membrane-spanning a-helices in the crystal structure of the photosynthetic reaction center of Rhodopseudomonas viridis contain on average 27 amino acids (12) .
(iii) Membrane-spanning segments of G-protein-coupled neurotransmitter receptors have similar localizations in aligned protein sequences. Hydropathy indices provide only approximate locations of transmembrane segments in the peptide chain of a protein, and for one and the same receptor such locations often differ by several amino acids among different reports. Since G-protein-coupled neurotransmitter receptors show 50-75% sequence homology in the putative transmembrane domains, we assumed that the segments ofall receptors corresponding to each a-helix would be placed in matching positions by sequence alignment, as indicated in Fig. 1 . Presumably, this enabled more precise prediction of the positions of the transmembrane helices in the peptide chains, based on average hydropathy indices of 14 neuroreceptors from the same superfamily.
(iv) The most polar surface areas of the transmembrane helices form a central core. The seven a-helical segments in bacteriorhodopsin are roughly perpendicular to the cell membrane, slightly inclined to one another at various angles up to 200, and closely packed to form an oval ring structure (7, 8) . Site-directed mutagenesis experiments have suggested that ligands bind to the putative transmembrane regions of 132-adrenergic (12, 28, 29) and muscarinic ml receptors (30) , and it has been postulated that f-adrenergic receptors form a rhodopsin-like core containing a ligand binding site (28) . The similarities in their primary structures indicate that this also may be the case for other G-protein-coupled neuroreceptors.
(v) G-protein-coupled neurotransmitter receptors have a common ligand-binding site. Site-directed mutagenesis experiments have suggested that agonists and antagonists interact with Asp-113 and that agonists but not antagonists Abbreviation: G protein, guanine nucleotide-binding regulatory protein. *To whom reprint requests should be addressed.
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interact with Asp-79, Asp-130, and Asn-318 (29, 31) and Ser-204 and Ser-207 (32) in the (82 receptor. The corresponding aspartic residues also seem to be involved in ligand binding to muscarinic ml receptors (30) . Asp-79, Asp-113, and Asp-130 in the ,2 receptor are conserved in all sequences shown in Fig. 1 and in the dopamine D4 (4) and D5 (33) receptors, which suggests that these residues are involved in ligand binding and signal transduction in all G-protein- Proline often appears at the end of a-helices in proteins and is known as a "helix breaker." However, the M subunit of the photosynthetic reaction center of R. viridis has a proline near the middle of the third transmembrane helix (12) , which demonstrates that a proline does not necessarily represent a breaking point of a transmembrane a-helix.
METHODS
Sequence AlignMent The sequence of the rat D2 receptor (5) (36, 37) , and average indices were calculated from the aligned sequences. The 14 sequences were selected to get a balanced contribution from various receptor families to the average indices.
Receptor Modeling. Structural refinement by molecular mechanics energy minimization and molecular dynamics simulations were done on a Cray X/MP-28 supercomputer, using the AMBER all-atom force field (38) . The cut-off distance for nonbonded interactions was 8 A. A distance-dependent dielectric function was used to mimic the dielectric damping effect of water on intramolecular interactions. Energy refinement was done by 500 cycles of steepest-descent minimization followed by 2000 cycles of full-conjugate gradient minimization. Molecular dynamics simulations were performed at 310 K with a step length of 0.001 psec, after an initial equilibrium dynamics phase starting from 0.1 K. Molecular electrostatic potentials 1.4 A outside the water-accessible surface were calculated with a distance-dependent dielectric function and a 10.0-A nonbonded cut-off radius.
Initial models of each transmembrane a-helix, including the side chains, were constructed with the MIDAS computer graphics programs (39) from the rat D2 sequence (5) . Each helix was refined by energy minimization and its wateraccessible surface (40) and molecular electrostatic potentials (39) were calculated. The helices were assembled on the computer graphics system such that the most polar region of each helix surface was oriented toward a central core. The helices were closely packed in an antiparallel arrangement, clockwise as viewed from outside the cell membrane, such that the water-accessible surface contained no holes between helices after structure refinement.
The seven-helix structure, without connecting loops, was refined by energy minimization. The terminal segments and loops between helices were added, based on a method (41) that gives s50l correct predictions of secondary structures 8113 in proteins (42) . Although other methods may give more correct secondary structure predictions (43-45), we did not have any adequate method for modeling the 131-amino acid cytoplasmic loop between helix 5 and helix 6. Therefore, only 7 amino acids of this loop, taken from the segments connected to helix 5 and helix 6, were included in the model and linked to each other. Thus the segment of the third cytoplasmic loop that differs between the two D2 receptor subtypes (5, 46-48) was not included in the model. The receptor model was refined by molecular mechanics energy minimization. A dopamine molecule was then placed in the putative binding site, where it fit precisely into the space between Asp-80 and Asn-390. The receptor-ligand complex was further refined by energy minimization, which produced only negligible changes in the receptor structure.
Because the initial modeling of the extracellular and cytoplasmic domains had been based on fairly inaccurate secondary structure predictions, these parts of the model were further refined by 2000 steps of molecular dynamics simulation at temperatures increasing from 0.1 K to 300 K, followed by energy minimization, while the transmembrane helices were kept fixed. This produced minor changes in the loops between helices and more noticeable conformational changes in the N-and C-terminal segments. Finally, the wateraccessible surface and molecular electrostatic potentials were calculated for the whole receptor model.
RESULTS
Prediction of Transmembrane Domains. Average hydropathy indices of the 14 aligned receptor sequences are shown in Fig. 2 . Plotting of areas under "windows" of 27 amino acids under the average hydropathy index curves as a function of amino acid number produced peaks that predicted the starting point of each transmembrane helix. Hydropathy indices calculated by the method of Kyte and Doolittle (36) gave well-defined peaks for helices 1-6, whereas indices calculated by the method ofHopp and Woods (37) defined the starting points of helices 1, 4, 5, 6, and 7.
Three-Dimensional Receptor Structure. The D2 receptor model is shown in Fig. 3 . After energy refinement, the transmembrane a-helices remained approximately antiparallel, were slightly bent, and were somewhat closer together at the cytoplasmic end than at the synaptic end. Two of the residues postulated to be involved in agonist binding, Asp- other at a distance that closely accommodated the energy minimized anti conformation of dopamine. Asp-114 in helix 3 and Ser-194 and Ser-197 in helix 5 were placed nearer to the synaptic membrane surface than Asp-80 and Asn-390. Presumably, modeling of the other dopamine receptors by the same procedure would place the corresponding residues in similar geometrical positions.
Electrostatic Potentials. The molecular electrostatic potentials were based on the charges of all surrounding atoms within the defined cut-off radius and depended on molecular conformation and on atomic charges. The potentials were mainly negative in the putative extracellular domains and in parts of the central core of the receptor model and positive in the postulated cytoplasmic domains (Fig. 3) . The lowest electrostatic potentials in the central core were -40 kcal/mol (1 cal = 4.184 J) near Asp-80 in helix 2 and -37 kcal/mol near Asp-114 in helix 3. Strongly positive electrostatic potentials, up to 38 kcal/mol, were also found in the area between helix 4 and helix 5, extending from a level one helical turn below Asp-80 and down into the second cytoplasmic loop.
Molecular Conformations and Dynamics of Dopamine. Internal movements in molecules occur on a fsec time scale. The molecular dynamics of protonated dopamine approaching the postulated receptor binding site was examined in an 80-psec simulation where the receptor was kept in a fixed position. The coordinates and energies were saved at 0. The side chain of the dopamine molecule moved several times from one side of the phenyl ring plane to the other side and fluctuated rapidly between various anti and gauche conformations throughout the simulation. Fig. 4 shows a part of the receptor model and some of the dopamine structures that were observed during the simulation. As the neurotransmitter moved down the central core, its positively charged amino group became oriented toward negatively charged aspartate residues (Asp-80 and Asp-114) in helices 2 and 3. The amino group of dopamine remained close to Asp-80 during the final 15 psec of the simulation, after removal ofthe directing force. Fig. 4 Lower shows a dopamine molecule in a postulated binding site between Asp-80 in helix 2 and Asn-390 in helix 7.
DISCUSSION
The negative molecular electrostatic potentials around the N-terminal segment and the loops between helices 2 and 3, helices 4 and 5, and helices 6 and 7 support the hypothesis (49) that these represent synaptic domains of the receptor. The largely negative electrostatic potentials at the synaptic side indicate that protonated ligands are attracted to the receptor by electrostatic forces. f32-Adrenergic receptors are coupled to stimulatory G (Gj) proteins in 11-to 15-residue segments located near the cytoplasmic surface of the cell membrane, at each end of the third intracellular loop, and at the N-terminal part of the cytoplasmic tail (6) . The cytoplasmic domains in the D2 receptor model with strong positive electrostatic potentials (Fig. 3) closely corresponded to the parts of the /32 receptor that are coupled to a G, protein. This suggests that positive electrostatic potentials around certain cytoplasmic domains of the D2 receptor may be involved in G-protein interaction. Our calculations also support, by a completely different approach, the "positive-inside" rule for membrane proteins, which has been suggested from site-directed mutagenesis experiments (50) .
It is interesting to note that the electrostatic potentials were strongly positive between helix 4 and helix 5, only 10 A from Asp-80, which was surrounded by an equally strong negative electrostatic field. This indicates that agonist-induced changes in the electrostatic field may play a role in signal transduction in the D2 receptor, as suggested for G-proteincoupled receptors in general (51) . Such a process could be initiated by binding of a protonated agonist to Asp-80 to neutralize its negative electrostatic field.
Energy-minimized anti-dopamine fit perfectly into the space between Asp-80 and Asn-390 (Fig. 4) , in accordance with the hypothesis that this is the active conformation (52). However, our molecular dynamics simulations indicate that, rather than obtaining a complete lock-and-key fit to the active site while the neurotransmitter stays in this conformation, the interaction starts with an electrostatic attraction between the protonated amino group on the ligand and negatively charged aspartate residues at the binding site, while the neurotransmitter moves between various conformations (Fig. 4) . Such a "zipper" mechanism whereby a flexible ligand binds to a macromolecule in several successive steps has been postulated from thermodynamic considerations (53) . Still, the prevailing concept of ligand-receptor interactions has been a lock-and-key mechanism requiring a specific conformation of the ligand. The present molecular dynamics simulation supports the "zipper" type of mechanism for dopaminereceptor interactions. 
